The possibility of monitoring material properties during the early stages of processing is an area of growing interest which offers potential not only for improving quality but also productivity. Of particular interest is the monitoring of mechanical properties on-line either during intermediate stages of processing or prior to shipping [ 1, 2] .
The microstructure and mechanical properties of rail steels are controlled by adjusting their chemical composition and by thermomechanical treatment. In general, a fully pearlitic structure is desired, leading to high hardness and acceptable fracture toughness. High hard· ness is especially desirable for good wear resistance and can be controlled in the plant by adjusting the cooling rate to obtain a fine pearlitic structure.
To investigate the possibility of measuring hardness nondestructively the relation between hardness and the magnetic properties ofpearlitic rail steels was investigated for different compositions and heat -treatments. Results show that the behavior of magnetic coercivity at room temperature is complex and poorly correlated with mechanical properties. This is shown to be related to the behavior of the cementite phase which is very sensitive to small chromium additions and preferential diffusion of these atoms to the cementite phase during heat-treatment. However an accurate determination of hardness can be obtained by using two magnetic parameters the coercivity, H, and the magnitude of the seventh harmonic of magnetization, in addition to Cr content. ' EXPERIMENTAL All samples were cut from rails produced commercially by Algoma Steel Corporation. The rails were either air-cooled using the standard commercial process or cooled more rapidly on an experimental line using controlled water spray jets to obtain a finer pearlitic structure. Plain carbon rails had a composition of: 0.75-0.8% C, 0.88-0.92% Mn, 0.25-0.35% Si, < 0.05% Cr and less than 0.02% Cu, Ni, and Mo. Chromium alloyed rails had similar composition except for the chromium content which varied from ""0.5% to 1.35% and a slightly higher silicon content, 0.35% -0.45%, with most chromium rails having a chromium content of ""0.8%.
The sample geometry used for these measurements was a hollow cylinder with 38 mm OD, 32 mm ID and 10 mm height. The samples were wound with high temperature insulation coated wire (80 turns primary and secondary) and placed in or above a liquid nitrogen bath for low temperature measurements, or in a furnace with argon atmosphere for the high temperature measurements to 600• C. In either case the magnetic field, H, was calculated from the current in the primary. The temperature was measured using a thermocouple attached to the surface of the hollow cylinder. A typical heating rate was 5" C/min. When the temperature reached approximately 6oo·c it was held constant for a minimum of 30 minutes. Some samples were subjected to additional heating/cooling cycles so that the effects of heat-treatment could be examined.
RESULTS AND DISCUSSION
The observed correlation between coercivity H, and hardness (on the Rockwell C scale) is shown in Fig. 1 for all the rails measured at room temperature. Although considerable scatter is observed, several general trends are clearly identifiable. The data points can be divided into two major clusters consisting of samples without Cr (open symbols) and samples containing >0.5% Cr (solid symbols). For both of these classes an increase ofH is observed with increasing hardness. It is also observed that samples without Cr, which ha~e been heattreated (heated to "'640. C for ,30 min.), have a significantly higher value of H than the untreated samples for a given hardness. c As described in a previous paper [3] considerable insight on the behavior ofH with chromium additions and with heat-treatment can be obtained from measurements offr vs. temperature. The temperature dependence ofH for three samples containing respecti~ely 0.02% Cr, 0.76% Cr and 1.45% Cr is presented 1n figure 2 for temperatures between -200· C and "'6oo·c and hardnesses (at room temperature) ranging from 307 to 411 Vickers Hardness Number (VHN). Above "'2oo·c, all samples show a linear decrease ofH with temperature and for any given temperature, harder materials have a higher value of He. At lower temperatures, the behavior is more complex. All three samples exhibit a maximum in H , which occurs at temperatures of 210·c, 12o·c and 2o·c respectively for chromium contents of 0.02, 0.76 and 1.35%.
The presence of the peak in He is associated with the composite nature of pearlite which consists of alternating lammelae of ferrite (nearly pure iron) and cementite (Fe 3 C). The Curie temperature of pure cementite is approximately 21o·c and corresponds to the peak value ofH for the sample containing 0.02% Cr in figure 2 . A peak in coercivity as a function of temperature was first reported by English [ 4] for 0.8% Carbon steel Figure 2 . Temperature dependence of coercivity for rail steels containing 0.02, 0.80 and 1.35% Cr and Vickers hardnesses of 339, 411 and 307 respectively. Note that the peak in coercivity shifts to lower temperatures as the chromium content increases and that the relation between hardness and coercivity is monotonic above ""2oo·c. music wire and interpreted as a qualitative confirmation of the role of the magnetostatic interaction of inclusions with domain walls as initially predicted by Nee! [5] . According to Neel's theory: (1) where, in this case, M 1 and M 2 are the saturation magnetizations of ferrite and cementite respectively, the cementite re.~hons being treated as inclusions. The rapid rise in H as the temperature approaches 210"C (sample with 0.02% Cr) is then associated with the rapid decrease in saturation magnetization of the cementite as it approaches its Curie temperature.
From figure 2 it appears clear that the addition of chromium causes a decrease in the Curie temperature of the cementite, which results in a shift of the peak in H to lower temperatures. The large values of H at room temperature for the samples containing chromium is therefore due to the decrease in Curie temperature of the cementite phase.
The distribution of carbide forming elements such as Cr, Mn and Mo has been shown to be concentrated preferentially in the carbide phase whereas other elements such as Si, Ni and Co concentrate in the ferrite phase. Atom-probe microanalysis [6] has shown that there is a nonuniform distribution of the Cr in the carbide phase. Partitioning of the substitutional elements between the pearlite phases occurs during the initial forming of the phases and during subsequent heat-treatment [7] . Heat-treatment of the material results in Cr diffusing into the cementite which reduces its Curie temperature. Also atom-probe microanalysis shows that Cr and Mn tend to concentrate in the interface region between the cementite and ferrite phases resulting in a nonuniform distribution with the cementite lammelae. This produces a distribution of Curie temperatures within the cementite leading to a broadening of the peak in He (compare curves for samples with 0.8% and 1.35% Cr in figure 2 ).
Thermomechanical treatment of steel changes both the coercivity and mechanical hardness as well as many other magnetic properties of the steel. The effects of heat-treatment on H for the sample with 0.8% Cr are shown in figure 3 . The heat-treated curve was obtained after cthe sample was heated to 600'C and held at this temperature for 21 hours. The peak value of He has shifted to a lower temperature (""O'C) indicating that some ofthe Cr in the ferrite phase has migrated to the cementite phase. We also see a broadening of the peak which is probably an indication of nonuniform distribution of the Cr in the carbide phase. The hardnesses before and after heat-treatment were 411 and 330 VHN respectively. Note also that at room temperature H is nearly the same for both before and after heat-treatment making nondestructive assessments of hardness from H impossible even for the case of constant chemical composition. c However, as shown in figure 4 , the magnetization curves differ substantially before and after heat-treatment, the magnetization of the heat-treated (softer) sample being more square than the untreated. A measure of the squareness of the curve is the ratio of residual magnetic induction, B , to the saturation magnetic induction, B , which was 0.56 and 0.65 before and after heat-treatment respectively. The ratio of BjB ma1ncreases while the hardness decreases (411 VHN to 330 VHN) with heat-treatment. mn
The shape of the hysteresis loop therefore provides additional information about the material properties which can be used to determine the mechanical properties. However not all of the information about the magnetization curves is contained in the B to B ratio. It is much better to use a parameter (or parameters) which describe more accurately the shape of the hysteresis loop. One such set of parameters is the amplitudes of the harmonics of the hysteresis loop [8, 9] which is obtained by performing a Fourier transform (FFT) of the magnetic induction for a sinusoidally varying magnetic field, H. Note that only the odd harmonics will be present in the frequency spectrum.
The results of an FFT for the hysteresis loops in figure 4 are shown in figure 5 . Note that in this figure the amplitudes of the harmonics are normalized to the amplitude of the fundamental, IA 1 1. Since the shape of the curve is of interest, normalizing the amplitudes eliminates any cnanges which are due to variations in B . Figure 5 shows clearly that there is more harmonic content in the magnetic induction after heat-treatment of the specimen. This observation demonstrates that the harmonic content of the magnetic induction can be used to distinguish samples with different heat-treatment and hardness. The harmonic amplitudes cannot be used alone however since the harmonics will also be affected by the chromium content of the sample. Only a few of the harmonics will be used since all of the amplitudes increase with heat-treatment. We have found that the largest change in the normalized ........ Figure 3 . Temperature dependence of coercivity for a 0.80% Cr rail steel taken during heating of the as-received material (open circles) and after 21 hours at 6oo·c (full circles). The hardness was initially 411 VHN and was reduced to 330 VHN after heat-treatment. Note the shift of the peak to lower temperatures after heat-treatment and the reduction in its magnitude. . Magnetization curves for a 0.80% rail steel at room temperature for the as-received material (solid line) and after 21 hours at ""600"C (dashed line). Note that the coercivity and maximum magnetic induction are approximately the same before and after heat-treatment.
amplitudes occurs for the seventh and ninth harmonics. For the example presented in figure 5 the seventh and ninth normalized amplitudes change by approximately 15% and 17% in comparison to 5% and 10% for the third and fifth normalized harmonics.
In order to get an accurate prediction of the mechanical hardness it is necessary, as shown above, to include the coercivity, a second magnetic parameter which is independent of H , such as the normalized harmonic amplitudes, and the chemical composition, in this case the Cr content, of the material. Using a non-linear multi-parameter multi-variate regression algorithm, ACE [10] , using the variables H, IA,I/IA 1 1, and %Cr we obtained the data points shown in figure 6 , a subset of the rail sampfes shown in figure 1 . The functions, <1> 1 (H), <1> 2 (1~1/IA 1 1) and <1> 3 (%Cr) appearing in the abscissa are estimates of the optimal transformation functions to be applied to the regression variables H , IA 7 1/IA 1 1, and %Cr respectively which were calculated by the ACE program. The optimaf transformation functions, <1>. are the functions which produce the best additive model. In our case the best additive model was given by (2) where VHN is the Vickers Hardness. The ACE method is non-parametric and only provides estimates of the <I>.' s for each of the samples in the data set. The estimates of the <1>. are obtained using an iterative method which attempts to minimize the residuals '
where n is the number of data samples. A linear fit to the transformed data points was calculated which resulted in a coefficient of correlation, r2, of0.9345 with a standard deviation, cr, of 14 VHN. Using this correlation an accurate prediction of the mechanical hardness can be obtained. In comparison using the data in figure 1 it would have been impossible to predict the hardness. Note also that cr = 14 VHN is of the order of the precision in the hardness measurements for these pearlitic steels so it is unlikely that these results can be improved upon significantly.
CONCLUSION
The magnetic properties of pearlitic steels of various compositions and mechanical properties were investigated. It is shown that the cementite phase in the pearlite has a strong affect on the magnetic properties of the specimens especially near room temperature. In particular chromium additions were shown to decrease the Curie temperature of the cementite phase which in tum leads to significant changes in the coercivity of the specimen at room temperature. For this reason the coercivity alone is not a good predictor of the mechanical Figure 6 . Results for a subset of the rail samples presented in figure 1 showing the result of a non-linear regression for the relation between mechanical hardness and the parameters H, I~I/IA 1 1 and %Cr. c hardness at room temperature. However, by combining coercivity with chromium content, and another parameter which represents the shape of the magnetization curve -the amplitude of the seventh harmonic of magnetic induction-it is possible to predict hardness with good accuracy even at room temperature. This was done using a multi-variate non-linear regression resulting in a prediction accuracy of the same order as the Vickers hardness measurement.
